The influence of the source gas supply sequence prior to growth and the NH 3 input partial pressure (Pº NH3 ) on the nucleation of InN islands during the initial stages of hydride vapor phase epitaxy on a nitrided (0001) sapphire substrate was investigated.
Introduction
InN is a promising material for high-speed and high-frequency electronic devices because it is predicted to have a small effective mass and a high electron drift velocity.
In addition, long-wavelength light emitting devices can be fabricated due to its small band gap. However, there are many problems in growing InN, including a low growth rate, a poor thermal stability, and a lack of a suitable substrate. Thus, InN is one of the most difficult materials to grow epitaxially. To overcome these problems, we have investigated hydride vapor phase epitaxy (HVPE) of InN. HVPE is an attractive method since it has the potential to grow thick and high-quality InN layers at high growth rates.
Our group has succeeded in preparing high-quality freestanding GaN 1) and AlN 2) substrates by HVPE. Based on the thermodynamic analysis, we used the reaction between NH 3 gas and high-purity InCl 3 gas generated by flowing Cl 2 gas over In metal at the source zone in the HVPE system used for growing InN. 3) We found that single-crystal InN layers can be grown on a nitrided (0001) sapphire substrate and a freestanding {0001} GaN substrate by HVPE. 3, 4) However, thicker and higher quality InN layers are required.
It has been widely reported that the crystalline quality of InN layers is strongly affected by the nucleation of islands during the initial growth stages and during the subsequent growth of the islands. In the case of InN grown by metalorganic vapor phase epitaxy (MOVPE), it has been reported that the crystalline quality of InN layers could be improved by changing the growth mode from three-dimensional to two-dimensional by varying the hydrogen partial pressure in the carrier gas and the growth temperature. 5) In another study of InN growth by MOVPE, the crystalline quality was found to be significantly influenced by controlling the nucleation and the subsequent growth of 3 islands by varying the growth temperature and the input NH 3 /trimethylindium ratio. 6) It is thus important to investigate the effect of the growth conditions on the nucleation of InN islands and the crystalline quality of the InN layer after subsequent growth.
In the present study, the effect of the source gas supply sequence prior to growth and the NH 3 input partial pressure (Pº NH3 ) on the nucleation of InN islands on nitrided (0001) sapphire during the initial stages of HVPE was investigated. The crystalline quality of the InN layer after subsequent growth was also examined.
Experimental Procedure
InN was grown by means of an atmospheric-pressure HVPE system with a horizontal hot-wall quartz glass reactor. First, surface nitridation of a (0001) sapphire substrate was performed by NH 3 gas with a partial pressure of 0.16 atm in flowing H 2 gas at 1000 °C for 20 min. The carrier gas was then changed to N 2 and the substrate was cooled to the growth temperature of 500 °C. Prior to the InN growth, a source gas was supplied to the surface of the nitrided sapphire substrate in one of the three source gas supply sequences: (a) InCl 3 preflow for 5 min, (b) simultaneous supply of InCl 3 and NH 3 , and (c) NH 3 preflow for 5 min. The InN growth was subsequently performed at 500 °C for 5 to 60 min in flowing N 2 by the reaction between NH 3 and InCl 3 gases. The InCl 3 gas was generated by flowing Cl 2 gas over 6N-grade In metal at the source zone, which was held at 450 °C. The input partial pressure of Cl 2 was fixed at 3.0 ×10 -3 atm, while the NH 3 input partial pressure was varied from 0.030 to 0.38 atm.
X-ray diffraction (XRD), scanning electron microscopy (SEM), room-temperature
Hall-effect measurements, and photoluminescence (PL) spectroscopy were used to analyze the grown InN. In the PL measurements, a 850 nm Ti:sapphire laser was used as the excitation source and a liquid-nitrogen-cooled InGaAs detector was used to monitor the emission.
Results and Discussion
The effect of the source gas supply sequence on nucleation of InN islands during the initial stages was examined. Prior to the InN growth, the source gas was flowed on the surface of the nitrided sapphire substrate in one of three source gas supply sequences: This figure shows that a (0002) InN diffraction peak and the sapphire substrate peak were observed for all samples. However, a (10¯,11) InN peak was also observed for InN grown with InCl 3 preflow. Furthermore, the six-fold symmetry was confirmed by φ-scans X-ray rocking curves (XRCs) of (10¯,12) InN from samples (b) and (c) (not shown here). Thus, single-crystal InN can be grown with simultaneous supply of InCl 3 and NH 3 , or NH 3 preflow prior to the InN growth. NH 3 preflow is expected to be particularly effective for producing high-quality InN since the density of dislocations caused by coalescence of the islands is thought to decrease during the subsequent growth due to the low island density on the surface. to InN growth and a high Pº NH3 appear to be effective in reducing the impurity incorporation during the initial stages, in reducing the density of dislocations caused by coalescence of islands, and in reducing the dislocation density by lateral InN growth on the hexagonal islands. 5, 10) To investigate the subsequent lateral InN growth, the effect of growth time on the evolution of InN islands was examined. which are related to the twist distribution, act as non-radiative recombination centers in InN. 10) However, further investigation is required to confirm this. Moreover, the peak photon energy decreased from 0.89 to 0.76 eV with increasing Pº NH3 and an asymmetric PL spectrum with low-energy tails was clearly obtained. Previous studies found that the peak photon energy increases and the spectrum became more asymmetric and 8 broadened with increasing electron concentration in the layer. 14, 15) These findings agree well with those obtained by Hall-effect and PL measurements in the present study.
Conclusions
We investigated the effect of the source gas supply sequence prior to growth and the 
